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Introduction {#chem201803036-sec-0001}
============

Carbon exists in two natural allotropes, diamond and graphite. Other identified synthetic carbon allotropes include the 0D fullerenes which were observed for the first time by Kroto et al. in 1985, and the one‐dimensional carbon nanotubes (CNT) which were first synthesized in 1991. The two‐dimensional carbon allotrope, graphene, was isolated in 2004 and won the Nobel Prize in Physics in 2010.[1](#chem201803036-bib-0001){ref-type="ref"} Over three decades of research in fullerene chemistry have been dedicated to produce stable and well‐characterized derivatives, which have been applied in a wide number of fields due to their outstanding properties.[2](#chem201803036-bib-0002){ref-type="ref"} However, fundamental research is still required to take real advantage of their properties on an industrial level. To increase synthetic carbon allotropes dispersability in solvents, raise their processability, reach stable exfoliation and facilitate their covalent functionalization onto other materials remains a challenge.[3](#chem201803036-bib-0003){ref-type="ref"} Furthermore, the nanomorphology‐efficiency relationship has been already demonstrated for several devices.[4](#chem201803036-bib-0004){ref-type="ref"} The ability to control the interplay between chemical composition, solubility, and compatibility is a very useful tool to trigger the final properties and performance.

The development of a straightforward methodology for the selective functionalization of fullerenes enables the tuning of the solubility and provides additional reactive positions which allow for directly grafting them onto other allotropes. In this way, the fullerenes with tailored solubility would serve as vector scaffolds to induce their solubility behavior to the materials where they are incorporated.

The solubility of nanocarbons is of paramount importance for their practical application, thus their water solubility and dispersability in other solvents have been previously targeted using various approaches, including the use of surfactants,[5](#chem201803036-bib-0005){ref-type="ref"} by oxidation (graphene oxide, GO),[6](#chem201803036-bib-0006){ref-type="ref"} by twisting molecular angles to avoid π--π stacking,[7](#chem201803036-bib-0007){ref-type="ref"} by supramolecular interactions with other molecules such as perylene bisimide[8](#chem201803036-bib-0008){ref-type="ref"} or melamine,[9](#chem201803036-bib-0009){ref-type="ref"} and through covalent functionalization.[10](#chem201803036-bib-0010){ref-type="ref"} Additionally, some amphiphilic fullerenes have been prepared.[11](#chem201803036-bib-0011){ref-type="ref"} Particularly for fullerenes, most of these systems are either mono‐ or hexa‐adducts with no further reactive groups, and cannot be used as nanobuilding blocks for the controlled preparation of hybrid materials. To overcome that, we herein report the synthesis of different fullerene derivatives, ranging from superhydrophobic to hydrophilic, by using a synthetic strategy based on the selective protection of one fullerene\'s octahedral position with an isoxazolino moiety.[12](#chem201803036-bib-0012){ref-type="ref"} After systematically modifying their solubility as demanded, a mild photolytic deprotection and functionalization with a proper anchoring group can be carried out. The fullerene nanobuilding blocks with tuned behaviors can be further used in a lego‐like approach to combine them with other materials.[13](#chem201803036-bib-0013){ref-type="ref"}

Results and Discussion {#chem201803036-sec-0002}
======================

For the selective synthesis of the fullerene derivatives our previously described methodology was used.[14](#chem201803036-bib-0014){ref-type="ref"} The three‐step sequence starts with the mono‐protection using an isoxazoline moiety as the protective group (Scheme [1](#chem201803036-fig-5001){ref-type="fig"}, compound **1**), followed by a five‐fold cyclopropanation with bis‐malonates bearing different polarities and functional groups (**a**--**i**) via the Bingel--Hirsch reaction (Scheme [1](#chem201803036-fig-5001){ref-type="fig"}, compound **2**) in the presence of CBr~4~ and DBU as a non‐nucleophilic base for the in situ generation of the α‐bromomalonate,[15](#chem201803036-bib-0015){ref-type="ref"} and finally deprotection (Scheme [1](#chem201803036-fig-5001){ref-type="fig"}, compound **3**). This very facile divergent strategy allowed us to access mixed \[5:1\] hexakisadducts **2 a**--**i** through functionalization with hydrophobic (**2 a**--**e**, **2 g** ~‐***t*****Bu**~ and **2 h** ~‐**BOC**~), hydrophilic (**2 f**--**h**), and polyfluorinated (**2 i**) substituents in moderate yields (22--48 %) (see Table [1](#chem201803036-tbl-0001){ref-type="table"}).

![Synthesis of fullerene derivatives with different solubilities: hydrophobic (red), hydrophilic (blue) and super‐hydrophobic (green) prepared via selective protection (**1**), Bingel--Hirsch reaction on the remaining positions with the corresponding bismalotanes (**2 a**--**i**) and photolytic deprotection to yield the functional pentakisadducts (**3 a**--**i**).](CHEM-24-14088-g006){#chem201803036-fig-5001}

###### 

Isolated yields for the synthesis of fullerene derivatives.

                           **2** \[yield %\] \[5:1\] Bingel--Hirsch   **3** \[yield %\] \[5:0\] deprotection
  ------------------------ ------------------------------------------ ----------------------------------------
  **a**                    38                                         63
  **b**                    48                                         63
  **c**                    26                                         72
  **d**                    35                                         87
  **e**                    27                                         67
  **f**                    45                                         55
  **g‐** ~***t*****Bu**~   22                                         59
  **h‐~Boc~**              27                                         96
  **i**                    non‐isolated pure                          51

Wiley‐VCH Verlag GmbH & Co. KGaA

These yields are reasonable for a fivefold cyclopropanation proceeding selectively at the equatorial sites and moreover are comparable to other multiple‐fold Bingel--Hirsch reactions reported previously.[14](#chem201803036-bib-0014){ref-type="ref"} After photolytic cleavage of the isoxazoline by retro‐cycloaddition in presence of maleic anhydride, the desired *C* ~2*v*~‐symmetrical pentakisadducts (**3 a**--**i**), with an incomplete octahedral addition pattern, were obtained in very good yields (51--96 %) (Table [1](#chem201803036-tbl-0001){ref-type="table"}).

The structure of all \[5:1\] and \[5:0\] fullerenes was unambiguously confirmed by spectroscopic techniques, including multinuclear NMR and UV/Vis spectroscopy, as well as mass spectrometry (ESI‐MS) and MALDI‐TOF (for more details see Experimental Section and Supporting Information).

All mixed \[5:1\] hexakisadducts **2 a**--**i** showed complex ^13^C NMR spectra with a high number of signals (≈24) in the region between 150--138 ppm, corresponding to the 48 sp^2^ carbon atoms of the fullerene core. This is due to the asymmetric substitution caused by the isoxazolino ring. In contrast, the deprotected pentakisadducts **3 a**--**i** showed, as expected, much simpler spectra. In this case only 13 resonances (12 with double intensity) are observed which can be assigned to the 50 sp^2^ carbon atoms reflecting the *C* ~2*v*~ symmetrical \[5:0\] pattern and thus confirming the successful deprotection. The ^13^C spectrum of compound **3 c** is shown in Figure [1](#chem201803036-fig-0001){ref-type="fig"} as an illustrative example. These results are in agreement with our previous work.[11b](#chem201803036-bib-0011b){ref-type="ref"}, [14](#chem201803036-bib-0014){ref-type="ref"}, [16](#chem201803036-bib-0016){ref-type="ref"}

![^13^C NMR spectrum of compound **3 c** showing an expansion of the fullerene C‐sp^2^ region which confirms a successful deprotection and generation of a \[5:0\] pentakisadduct.](CHEM-24-14088-g001){#chem201803036-fig-0001}

Additionally, the successful isoxazolino deprotection to yield the desired pentakisadducts **3 a**--**i** was nicely corroborated by the UV/Vis spectra showing distinct bands at *λ*=211, 244, and 282 nm, as well as a very weak shoulder at *λ*=316 nm (Figure [2](#chem201803036-fig-0002){ref-type="fig"}). The fingerprint area (400--600 nm) in the visible region of the spectrum corresponds well to the characteristic pattern for pentakisadducts.[17](#chem201803036-bib-0017){ref-type="ref"}

![UV/Vis spectra of compounds **3 a**--**i** in different solvents depending on their solubility, reflecting the corresponding pattern for fivefold addition. A) compounds **3 b**, **3 c**, **3 f**, **3 g** ~--***t*****Bu**~ and **3 h~‐BOC~** in octanol and expansion of the fingerprint area. B) compounds **3 f**--**h** in phosphate buffer at pH 7.0 and C) compound **3 i** in Freon 113.](CHEM-24-14088-g002){#chem201803036-fig-0002}

Functionalization of the remaining position can be carried out under normal Bingel--Hirsch conditions, as we have previously described,[13](#chem201803036-bib-0013){ref-type="ref"} with functional malonates bearing anchoring groups as, for instance, alkyne groups or azides that can be further used in click reactions to bind other building blocks with the soluble fullerenes.

Finally, the protecting groups in derivatives **3 g** ~‐~ ***t*** ~**Bu**~ and **3 h~‐BOC~** were cleaved by treatment with 1:1 trifluoroacetic acid (TFA):toluene solution. The solubility of the corresponding fullerenes **3 g** and **3 h** was studied at three different pH‐values in phosphate buffer (pH 4.4, 7.0, and 9.0) (see Supporting Information Figure S50 for further details). As expected, fullerene **3 g** bearing ionizable carboxylic acids was soluble only at pH 9.0, whereas the derivative **3 h** with the ionizable amines was only soluble at pH 4.4.

The hydrophobic/hydrophilic behavior and self‐assembly properties for all the pentakisadducts **3 a**--**i** were studied both in solution and on a solid surface. Their behavior in solution has been characterized by the octanol/water partition coefficients (log *P*), providing relevant information with regard to their possible fate and bio‐accumulation for potential application in biomedicine. Contact angle measurements were used for the surface deposition characterization.

Contact angle measurements {#chem201803036-sec-0003}
--------------------------

Contact angle measurements were conducted on films prepared from the different fullerenes to study the influence of fullerene functionalization on the surface wettability. The contact angle of a surface is, among other factors, governed by the chemical composition, concretely by the hydrophilicity of its functional groups. Thus, in case of films with increasing hydrophilicity, the angle between the water droplet and the surface decreases as a result of a better hydration of interfacial groups and better surface wetting. Besides the polarity and composition of a surface, the contact angle also depends on the physical architecture: the surface micro‐nanostructure. The influence of hierarchical surface patterns on the wettability has been well established, and their effect translates into a considerable increase/decrease of the contact angle. This lotus leaf effect, has been widely applied in materials science to obtain superhydrophobic and self‐cleaning surfaces.[18](#chem201803036-bib-0018){ref-type="ref"} Asanuma and co‐workers described the influence of fullerene supramolecular polymorphism self‐organization on the contact angle, reaching superhydrophobic values \>150° for compounds bearing aliphatic chains that exhibit 103° when the film was spin‐cast.[19](#chem201803036-bib-0019){ref-type="ref"} To minimize possible contributions from this effect, to avoid self‐organization within the surface, and to examine exclusively the chemical contribution, fullerenes **3 a**--**i** (5 mg mL^−1^ solution) were spin‐coated on a glass wafer at 2500 rpm. The angles measured by the sessile drop (3 μL) technique are summarized in Table [2](#chem201803036-tbl-0002){ref-type="table"}.

###### 

Static water contact angle ± standard deviation (deg.) of fullerene pentakisadducts **3 a**--**i**.

  ![](CHEM-24-14088-g007.jpg "image")                                                                     
  ------------------------------------- ------- ------- ------- ------ ------ ------ ------ ------ ------ ------
  118.7                                 112.6   111.4   106.3   89.0   92.6   87.6   74.9   75.2   55.7   47.1
  ±9.5                                  ±2.3    ±3.1    ±2.8    ±2.4   ±1.0   ±2.2   ±3.3   ±1.2   ±1.0   ±9.9
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Facile chemical functionalization makes it possible to systematically modulate the fullerene behavior from hydrophobic angles close to 120° (similar to Teflon[20](#chem201803036-bib-0020){ref-type="ref"}) corresponding to perfluorinated derivative **3 i**, to 50° for the hydrophilic **3 h** and **3 f** along the whole interval. However, an important drawback of this technique is that the water‐soluble fullerenes **3 f**--**h** get dissolved within the measurement time. Therefore, these values should only be qualitatively considered, and they are preferably characterized by the octanol/water partition coefficient. Despite that, we also carried out a pH dependent experiment. As expected, only the films containing ionizable fullerenes **3 g**,**h** showed pH dependence of the contact angle.

To further clarify the correlation between the polarity of the individual functional group on the fullerene and the surface wettability, the results are rationalized by means of Hansch parameter *π* (also called the substituent constant), which describes the contribution of a substituent to the lipophilicity of a compound.[21](#chem201803036-bib-0021){ref-type="ref"} Contact angles were plotted as a function of available *π*‐values obtained from the literature (Figure [3](#chem201803036-fig-0003){ref-type="fig"}).[21](#chem201803036-bib-0021){ref-type="ref"}, [22](#chem201803036-bib-0022){ref-type="ref"} As expected, the more polar groups (with negative *π*‐values) exhibit the lower contact angles, whereas the more hydrophobic substituents presented higher contact angle values. Pristine C~60~ has been also included as a reference considering *π*=0 (no substituents) and contact angle of 91.5°.[23](#chem201803036-bib-0023){ref-type="ref"}

![Experimental contact angle value as a function of the Hansch parameter *π* reflecting the expected tendency with the increase of polarity.](CHEM-24-14088-g003){#chem201803036-fig-0003}

To evaluate the concentration influence on the contact angle, we also studied the contact angle on spin‐cast films, prepared from more concentrated solutions that would lead to thicker films (20 mg mL^−1^) under the same speed and acceleration conditions (see Supporting Information Figure S51 for additional details). Excluding the water‐soluble fullerenes **3 f**--**h**, particularly interesting is compound **3 c** bearing the longer alkyl chain (C~18~) that shows a remarkable increase in the contact angle from 112.6±2.3° to 140.6±6.3°, proximate to the superhydrophobic value (150°) This result could be interesting for engineering self‐cleaning surfaces. This enhancement is presumably due to self‐assembly/interdigitation (as will be further explained) of the stearyl chains that may induce some kind of the aforementioned surface structuring.

Estimating octanol‐water partition coefficients {#chem201803036-sec-0004}
-----------------------------------------------

The octanol/water partition coefficient *P* or K~ow~ is defined by Equation [(1)](#chem201803036-disp-0001){ref-type="disp-formula"} where *c* ~o~ is the fullerene concentration in octanol and *c* ~w~ is the fullerene concentration in water phase. This parameter displays a very useful method to establish the relative lipophilicity of a compound since it is a measure of the difference in solubility in two phases. In our study, this ratio was evaluated using the stirring flask method and 48 h equilibration time. The remaining concentrations in each phase after equilibration were assessed by UV/Vis absorption and the results are summarized in Table [3](#chem201803036-tbl-0003){ref-type="table"}. The partition coefficient for C~60~ has been included from literature[24](#chem201803036-bib-0024){ref-type="ref"} as a reference value.$$logP = logK{ow} = log\frac{co}{cw}$$

###### 

Octanol/water partitioning values.

                                                            log*P*       log*P* (dried)   Δlog*P*
  --------------------------------------------------------- ------------ ---------------- ---------
  **C~60~** [24](#chem201803036-bib-0024){ref-type="ref"}   6.54                           
  **3 b**                                                   1.94±0.15    2.24±0.76        0.30
  **3 c**                                                   0.46±0.01    1.24             0.78
  **3 f**                                                   0.62±0.07    1.07             0.45
  **3 g‐** ~***t*****Bu**~                                  1.06±0.001   0.94±0.13        −0.12
  **3 h‐~Boc~**                                             0.63±0.01    0.65             0.02
  **3 g** (pH9.0)                                           −0.32±0.10   −0.62            0.30
  **3 h** (pH4.4)                                           −1.06±0.03   −1.01            0.05

Wiley‐VCH Verlag GmbH & Co. KGaA

As intended, chemical functionalization dramatically influences the fullerene distribution among octanol and water and modulates their behavior from strongly hydrophobic fullerenes, with positive log *P* values (Table [3](#chem201803036-tbl-0003){ref-type="table"}, **3 b**,**c**) to hydrophilic ones with negative values (Table [3](#chem201803036-tbl-0003){ref-type="table"}, **3 g**,**h**). All neutral fullerenes, including the water‐soluble derivative **3 f**, showed a positive log *P* value and only the fullerenes bearing ionizable groups showed a higher tendency towards water phase (see Supporting Information Figure S49 for further details). The negative values obtained for these hydrophilic fullerenes **3 g**,**h** are in good agreement with other water soluble fullerene trisadducts previously described.[25](#chem201803036-bib-0025){ref-type="ref"}

Surprisingly, derivative **3 c** was not the most hydrophobic one and displayed a lower log *P* value than would have been expected for a stearic‐functionalized system. Besides, unlike other compounds, the octanol phase containing **3 c** was not transparent but rather opaque, like an emulsion, suggesting water encapsulation (see Supporting Information Figure S48 for further details). To assess this possibility a simple drying process with MgSO~4~ anhydrous was carried out. The emulsion turned into a clear solution and the MgSO~4~ formed large clumps as a result of water adsorption. The concentrations and log *P* were reevaluated (Table [3](#chem201803036-tbl-0003){ref-type="table"}) after this drying process. The difference between the initial log *P* value and the one after drying gives an indirect evidence of the systems with higher tendency to water encapsulation; being **3 c**, as suspected, the more occluding one. With the intention of unraveling the eventual organization of these compounds in solution we carried out further studies on its supramolecular morphology.

Supramolecular self‐assembly {#chem201803036-sec-0005}
----------------------------

Increasing attention has been devoted to supramolecular arrangement of fullerenes since it has been demonstrated that their physicochemical and electronic properties can be regulated based on the interaction among self‐organized structures.[26](#chem201803036-bib-0026){ref-type="ref"} Most examples are based on amphiphilic fullerenes which display different self‐assembly driven by hydrophobic/hydrophilic interactions with the solvent.[27](#chem201803036-bib-0027){ref-type="ref"} Also, some non‐amphiphilic fullerenes derivatives bearing mesogenic groups[28](#chem201803036-bib-0028){ref-type="ref"} and lipids[26](#chem201803036-bib-0026){ref-type="ref"}, [29](#chem201803036-bib-0029){ref-type="ref"} as a source of liquid crystalline organization have been studied. The thermotropic behavior of these so called lipo‐fullerenes has been investigated. Likewise, differential scanning calorimetry (DSC) of pentakisadduct **3 c** shows two endotherm transitions (see Supporting Information Figures S52 and S53) similar to the ones described in the literature for the homologous hexakisadduct.[29c](#chem201803036-bib-0029c){ref-type="ref"} This has been attributed to different structural arrangements based on interdigitations of the lipidic addends. However, to the best of our knowledge, this comportment has only been addressed in the solid state, and this is the first example of non‐amphiphilic fullerene displaying self‐organization in solution.

To further confirm the self‐assembly of **3 c** in the octanol/water system, we evaluated the hydrodynamic diameter by means of dynamic light scattering (DLS). Figure [4](#chem201803036-fig-0004){ref-type="fig"} A shows the number‐weighted mean hydrodynamic diameter (*D* ~h~), calculated from a cumulate fit of the autocorrelation function (for comparison with the intensity‐weighted distribution see Figure [4](#chem201803036-fig-0004){ref-type="fig"} B). As expected, the size distribution centered at 1690±123 nm is far away from the fullerene nominal size. The latter characteristic lengths derived from diffraction patterns for the analogous hexakisadduct,[29c](#chem201803036-bib-0029c){ref-type="ref"} is calculated to be 6.1±0.1 nm on its total extended conformation and 1.35±0.2/ 4.80±0.1 nm for the interdigitated state, thus confirming the aggregation process. Moreover, the distribution was homogeneous and stable over time.

![DLS A) Size distribution by number of fullerene **3 c** in octanol *c*=2×10^−4^  [m]{.smallcaps} (after partition coefficient experiment). Six consecutive measurements are included to show its consistence. B) Hydrodynamic diameter (*D* ~h~) expressed by number (*N*) and intensity (*I*) as a function of fullerene concentration in octanol (dilution experiment). C) DLS titration in THF. Hydrodynamic diameter (*N*) of fullerene **3 c** in THF as a function of distilled water content.](CHEM-24-14088-g004){#chem201803036-fig-0004}

A dilution experiment was also carried out by adding increasing volumes of octanol (Figure [4](#chem201803036-fig-0004){ref-type="fig"} B). The size distribution was found to be dependent on fullerene concentration up to 1×10^−5^  [m]{.smallcaps}. For this concentration, an asymptote is reached at a stable value of 375±45 nm. We hypothesize the formation of smaller aggregates, such as vesicle‐like structures capable of water entrapping, which can further collapse at concentrations \>1×10^−5^  [m]{.smallcaps} to create larger structures. Additionally, we studied the system in a different solvent to elucidate the process. THF was the solvent of choice for the titration experiment with successive water addition (Figure [4](#chem201803036-fig-0004){ref-type="fig"} C). No aggregates were observed for the initial **3 c** solution (*c*=2×10^−4^  [m]{.smallcaps}) in THF. Promptly after water addition, aggregates of around 300 nm are formed. This definite diameter is similar to the one observed in the octanol dilution experiment (Figure [4](#chem201803036-fig-0004){ref-type="fig"} B). Successive water additions gave rise to larger structures, which are in agreement with the previously observed diameters in octanol. The conjoint results suggest again the vesicle/liposome‐like formation which entraps water inside. Additionally, these results indicate a further aggregation at high water concentration in the media, as it is the case for the experimental set‐up in the biphasic stirring flask method. Similar vesicle structures, with membranes consisting of an interdigitated bilayer of the fullerenes, have been previously described in the literature for amphiphilic compounds,[30](#chem201803036-bib-0030){ref-type="ref"} but have never been observed for non‐amphiphilic fullerenes before.

The self‐assembly morphology was further evidenced by cryo‐transmission electron microscopy (cryo‐TEM) and tomography (cryo‐ET). Figure [5](#chem201803036-fig-0005){ref-type="fig"} A depicts a stereo image pair (8°‐tilt) of a volume reconstruction obtained from a tilt series (±65° with 2° tilt‐increment) recorded of compound **3 c** in the octanol phase from the partition coefficient experiment. The 3D volume shows a population of vesicle‐like assemblies in the 50--200 nm diameter range, which is reasonably in agreement with the results observed by DLS. For clarity, the contrast in the image is inverted. The vesicle membrane (white) is very prominent and its thickness can be determined to amount to 3.0±0.5 nm. Such high contrast, accurate spatial definiteness and dimension can only be attributed to a membrane‐like assembly of the fullerene compound **3 c** in an interdigitated arrangement of the stearyl‐side‐chains. Moreover, conventional cryo‐TEM images also clearly indicate that the interior of the vesicles is of higher contrast compared to the exterior volume. Due to the differences in the density between octanol and water (*ρ* (octanol)=0.817 g cm^−3^ vs. *ρ* (water)=1 g cm^−3^) we suggest that the fullerene vesicles enclose a water volume. Occasionally, elongated aggregates with striated profiles in lamellar‐like structures with a constant repetitive distance of 3.3±0.2 nm (marked in Figure [5](#chem201803036-fig-0005){ref-type="fig"} B) are observed. The repetitive distance is of the same order as the individual membrane, and obviously reflects an alternate state of aggregation, which does not involve the encapsulation of larger water droplets. This kind of assembly behavior has also previously been observed in amphiphilic fullerene ultrastructures.[27a](#chem201803036-bib-0027a){ref-type="ref"}

![A) Stereo image pair (8°‐tilt) of a volume stack of images reconstructed from a cryo‐electron tomographic series (±65° in 2°‐tilt increment) of the self‐assembled vesicles and lamellar structures of **3 c** in octanol/water system. The data are depicted in the Voltex modus of AMIRA software. Densities are inverted for clarity. B) Conventional cryo‐TEM images of the self‐assembled vesicles and lamellar structures of **3 c** in octanol/water system with constant lattice distant of 33 Å and explicative cartoon showing the plausible interdigitated lamellar structure.](CHEM-24-14088-g005){#chem201803036-fig-0005}

Despite that the vesicle formation is empirically proven by cryo‐TEM tomography, their structural organization is still not clear. There are different factors (polar ester groups resulting from the Bingel--Hirsch reaction, the non‐polar "naked" fullerene sixth position, long alkyl chain interdigitation, and possible umpolung effect mediated by the octanol) that could be contributing to different fullerene\'s orientation, but none of them looks sharply prevailing to conclude the fullerene\'s orientation within the vesicle. However, due to the fact that derivative **3 c** is not amphiphilic and that interdigitation is proven in the solid state, we hypothesize that the driving force for vesicle formation might be attributed to the interdigitation of hydrophobic stearyl chains in the presence of water in the biphasic forced environment.

Conclusions {#chem201803036-sec-0006}
===========

Fullerene derivatives with different solubilities have been prepared by facile selective chemical functionalization. These derivatives have an additional position that can be functionalized with anchoring groups to further use them as nanobuilding blocks. Their solubility behavior has been systematically characterized both in solution and on surfaces through octanol/water partition coefficients (log *P*) and contact angle measurements, respectively. The ability to tune their performance through the whole interval ranging from hydrophobic contact angles similar to Teflon‐like structures (approximately 120°) to hydrophilic angles of 50° degrees has been demonstrated. The log *P* values could also be modulated, ranging from +2.24 to −1.01. These derivatives are very promising for interfacial engineering as vectors to induce their solubility character to other allotropes and materials.

Interestingly, the fullerene **3 c**, bearing ten long alkyl chains, forms hierarchical superstructure assemblies, as has been evidenced by DLS and cryo‐TEM measurements. This is, to our knowledge, the first example of self‐assembly in solution for non‐amphiphilic fullerenes, which is probably driven by the interdigitation of the stearic chains in the forced octanol/water biphasic environment.

Our construction methodology is a powerful tool to modulate the properties through chemical functionalization, in order to improve solubility and blending. The results of the present study will facilitate the application of these materials for industrial and technological uses by providing a catalogue of à la carte fullerene derivatives. In addition, these results provide compelling information towards the better understanding of non‐amphiphilic fullerenes hierarchical assembly which is of great interest in nanoscience.

Experimental Section {#chem201803036-sec-0007}
====================

Materials and methods {#chem201803036-sec-0008}
---------------------

All chemicals were purchased from chemical suppliers and were used as received. C~60~ (99.0 %) was purchased from IoLiTec nanomaterials and the sodium phosphate buffer solutions from Alfa Aesar. Reactions were monitored by thin layer chromatography (TLC) on silica60F254 0.2 mm on aluminum foil (Merck). Silica gel 60 [m]{.smallcaps} (230--400 mesh ASTM, 0.04--0.063 mm) from Marcherey‐Nagel& Co. KG was used for column chromatography.

**UV/Vis‐NIR Spectroscopy**: Spectra were recorded on a Shimadzu UV‐1800 PC, scanning spectrophotometer. The absorption maxima *λ* ~max~ are given in nm, and shoulders are denoted as sh. The spectra were measured in the indicated solvents in quartz cuvettes (edge length=1 cm) at room temperature.

**IR Spectroscopy**: Spectra were recorded on a Bruker Tensor 27, Pike MIRacleTM ATR, Pike Technologies. Absorptions are given in wavenumbers $\widetilde{\nu}$ (cm^−1^).

**NMR Spectroscopy**: NMR spectra were recorded on, Bruker Avance 400 (400 MHz), Jeol EX 400 (400 MHz), and Jeol EX500 (500 MHz) spectrometers. Chemical shifts are given in ppm and are referenced to residual solvent signals and reported relative to external SiMe~4~.

**Mass spectrometry**: Spectra were recorded on Bruker microTOF II focus (Bruker Daltonik GmbH) and Shimadzu Axima Confidence maXis 4G instruments (Nitrogen UV laser, 50 Hz, 337 nm). MALDI‐TOF HRMS were recorded on a Bruker UltrafleXtreme TOF/TOF and *trans*‐2‐\[3‐(4‐*tert*‐butylphenyl)‐2‐methyl‐propenylidene\]malonitrile (DCTB) and 2,5‐dihydroxy‐benzoic acid (DHB) were used as matrices. ESI mass spectra were obtained on Bruker microTOF II focus ESI‐TOF spectrometer. The APPI mass spectra were recorded on Bruker maXis 4G TOF‐mass spectrometer.

**Contact angle measurements**: Spin Coater WS‐650‐23 NPP/lite from Laurell Technologies was employed. Two series of films were prepared at 5 mg mL^−1^ and 20 mg mL^−1^, respectively. The solutions (in dichloromethane, distilled water or Freon 113) were spin‐coated on glass wafers at 2500 rpm with acceleration 500 during 10 s.

Static contact angle measurements were performed by using a contact angle goniometer (KSV Theta goniometer), with the sessile drop method. Deionized water droplets of 3 μL were placed on the films and a coupled device camera was used to capture the images of the water droplets for the determination of the contact angle. The measurements were performed at both sides of the droplet. Three to five droplets were analyzed for each composition.

**Cryogenic transmission electron microscopy (cryo‐TEM)**: Cryo‐sample preparation: The cryo preparation was accomplished by applying octanol droplets from the biphasic octanol/water sample solution (*c*=2×10^−4^  [m]{.smallcaps}) to 200 mesh holey carbon film gold grids (R1/4 batch of Quantifoil Micro Tools GmbH, Jena, Germany), which had been previously covered with a Graphene Oxide layer (provided by Dr. P. Feicht, FU Berlin). An ultra‐thin layer of the sample solution was prepared by removing the supernatant fluid with a filter paper. The samples were immediately vitrified by propelling the grids into liquid nitrogen (instead of liquid ethane commonly used to avoid unwanted dissolution of octanol). The vitrified grids were stabilized by a copper autogrid and fixed by a spring clamp under liquid nitrogen. The vitrified samples were transferred under liquid nitrogen into a Talos Arctica transmission electron microscope (ThermoFisher Scientific Inc., Waltham (MA), USA) using the microscope\'s autoloader protocol. Imaging was performed using the microscope\'s low‐dose protocol at a primary magnification of 28 000x and an acceleration voltage of 200 kV. Image were recorded by a Falcon 3CE direct electron detector (64 aligned frames) at full size (4k). The defocus was chosen to be 4.90 μ[m]{.smallcaps} in all cases to create sufficient phase contrast.

A control experiment was performed on pure octanol/water to exclude the possibility of artefact preparation by using the liquid nitrogen freezing protocol and confirming that all reported supramolecular structures can be unambiguously attributed to the fullerene assemblies (See Supporting Information Figure S54). The blank octanol/water sample also displayed ordered areas with a very consistent layer lines of 26 Å, which exactly correspond to the value of an octanol bilayer arrangement (expected in a polar aqueous environment) considering the length of the molecule according to the crystal data (2×≈13 Å) but is different from the values measured in the presence of fullerene compounds (33 Å).

To explore the three‐dimensional organization of the supramolecular fullerene assembly structures in more detail we recorded tomographic image series with the Talos Arctica Kryo‐TEM using the FEI Tomography package (±65° in 2°‐ tilt angle increments). Alignment and reconstruction was performed in the context of ThermoFisher Inspect 3D software, visualization with ThermoFisher AMIRA 6.0.

**Dynamic light scattering**: The measurements were carried out in a Zetasizer Nano series ZEN3600 (Malvern Instruments) provided with a red laser (633 nm). 173° angle (NIBS, "noninvasive back scatter") was used. Three consecutive measurements were performed after an equilibration time of 60 s.

**Octanol/water partition coefficient**: The stirring flask method was used with an initial fullerene concentration of 10^−4^  [m]{.smallcaps} in octanol, which was previously saturated with water. The water phase was buffered at pH 7 for all neutral fullerenes (**3 a**--**f**) using a sodium phosphate buffer (0.5 [m]{.smallcaps}). Even though log *P* is described as the partition equilibrium for neutral species, the log *P* of fullerenes **3 g** and **3 h** were evaluated under their ionized form due to solubility problems. Phosphate buffered water at pH 9.0 (0.5 [m]{.smallcaps}) for **3 g** and at pH 4.4 (0.2 [m]{.smallcaps}) for **3 h** were used. For the biphasic solutions, 2 mL of each phase were placed in a glass vial and were stirred at high speed at room temperature. Since the equilibration time may play an important role in slow distribution equilibriums, it was fixed at 48 h for all the samples. The concentration in each phase was evaluated via UV/Vis measurements. For the log *P* dried, anhydrous MgSO~4~ was added to the octanol phase to remove possible encapsulated water. The phase was filtered to remove the MgSO~4~ and re‐evaluation of the fullerene concentration in octanol was conducted. All experiments were carried out in duplicate (see Supporting Information). Fullerenes **3 a**, **3 d** and **3 i** were not evaluated due to their low solubility in both octanol and water.

**Differential scanning calorimetry**: The thermotropic behavior of fullerene **3 c** was investigated by DSC with a NETZSCH STA 409 C/CD thermal analysis system. The measurement was carried out in flowing helium for both heating and cooling cycles at a ramp rate of 1 °C min^−1^. It was also evaluated under a faster heating rate with a Mettler Toledo DSC821e and evaluated with Mettler Star SW 8.10 Thermal analysis software.

Synthetic procedures {#chem201803036-sec-0009}
--------------------

**Synthesis of precursor malonates**: Malonates **a**, **b** and **d** are commercially available and were used as purchased. Malonates **c**,[31](#chem201803036-bib-0031){ref-type="ref"} **e**,[32](#chem201803036-bib-0032){ref-type="ref"} **f**,[33](#chem201803036-bib-0033){ref-type="ref"} **g~‐*t*Bu~** [34](#chem201803036-bib-0034){ref-type="ref"} and **i** [35](#chem201803036-bib-0035){ref-type="ref"} were prepared from malonyl dichloride and the corresponding alcohols following literature procedures. Malonate **h~‐BOC~** [36](#chem201803036-bib-0036){ref-type="ref"} was prepared from malonic acid and *tert*‐butyl 6‐hydroxyhexylcarbamate with N,N′*‐*dicyclohexylcarbodiimide (DCC) and 4‐dimethylaminopyridine (DMAP).

**Synthesis of isoxazolinofullerene precursor (1)** The synthesis was performed according to the method previously described in the literature.[12](#chem201803036-bib-0012){ref-type="ref"}

### General procedure for the synthesis of mixed \[5:1\] fullerene hexakisadducts (**2 a**--**i**) {#chem201803036-sec-0010}

The Bingel--Hirsch reaction was carried out following the methodology previously described in our group.[13](#chem201803036-bib-0013){ref-type="ref"}, [14](#chem201803036-bib-0014){ref-type="ref"} Compound **1** (1 equiv.) was dissolved in dry toluene (≈7×10^−4^  [m]{.smallcaps}) together with CBr~4~ (100 equiv.) and the corresponding malonate (12 equiv.). The solution was stirred for 1 h under exclusion of light and nitrogen atmosphere at room temperature. Subsequently, 1,8‐diazabicyclo\[5.4.0\]undec‐7‐ene (DBU) (24 equiv.) dissolved in toluene (5--10 mL) was added over 30 min. and the reaction mixture was stirred until completion (monitored by TLC). The crude product was plug‐filtered (SiO~2~) and purified by column chromatography.

**Compound 2 a**:[14](#chem201803036-bib-0014){ref-type="ref"} The synthesis was performed according to the general procedure with **1** (150 mg, 0.170 mmol) dissolved in dry toluene (250 mL) together with CBr~4~ (5.65 g, 17 mmol) and diethyl malonate (285 μL, 1.170 mmol). After 1 h, DBU (0.5 mL 3.4 mmol) dissolved in toluene (10 mL) was added over 15 min, and the reaction mixture was stirred for additional 72 h. The crude product was plug‐filtered (SiO~2~; toluene/ethyl acetate 9:1) and purified by column chromatography (SiO~2~; toluene/ ethyl acetate 95:5) to obtain fullerene **2 a** (107 mg, 0.071 mmol, 38 %) as a yellow‐orange solid. *R* ~f~ (toluene: ethyl acetate 9:1)=0.45; ^1^H NMR (400 MHz, CDCl~3~, rt): *δ*=7.87 (d, *J=*9.1 Hz, 2 H, *H~ortho~*), 6.68 (d, *J=*9.1 Hz, 2 H, *H~meta~*), 4.45--4.14 (m, 20 H, C*H* ~2~), 2.97 (s, 6 H, N(C*H* ~3~)~2~), 1.43--1.24 ppm (m, 30 H, C*H* ~3~); ^13^C NMR (100.5 MHz, CDCl~3~, rt): *δ*=164.22, 164.15, 164.07, 163.86, 163.80, 163.77 (10C, *C*O), 154.78 (1C, *C*=*N*), 151.54 (1C, *C*N(CH~3~)~2~), 147.09, 146.98, 146.74, 146.53, 146.27, 146.18, 145.71, 145.63, 145.53, 144.30, 143.96, 143.46, 142.41, 142.01, 141.51, 141.43, 140.60, 139.89, 139.69, 139.41 (48 C, C~60~‐sp^2^), 129.76 (2C, *C~ortho~*), 116.75 (1C, *C~ipso~*), 111.77 (2C, *C~meta~*), 101.63 (1C, C~60~‐ sp^3^ *C*‐O isox),77.36 (1C, C~60~‐sp^3^ *C*‐C isox), 69.99, 69.32, 68.14, 67.53 (10C, C~60~‐sp^3^), 63.13, 63.05, 62.59 (10 C, *C*H~2~), 45.54, 45.39, 44.67, 41.92 (5C, CO*C*CO), 40.16 (2C, N(*C*H~3~)~2~), 14.14, 14.08 ppm (10C, *C*H~3~). MS (MALDI‐TOF, dhb): *m*/*z=*1511.3248 \[*M*‐isoxazoline\]^+^.

**Compound 2 b**: The synthesis was performed according to general procedure with **1** (75 mg, 0.085 mmol) dissolved in dry toluene (125 mL) together with CBr~4~ (2.825 g, 8.5 mmol) and dihexyl malonate (246 μL, 0.85 mmol). After 1 h, DBU (0.25 mL, 1.7 mmol) dissolved in toluene (5 mL) was added over 5 min and the reaction mixture was stirred for additional 4 days. The crude product was plug‐filtered (SiO~2~; toluene/ethyl acetate 9:1) and purified twice by column chromatography (SiO~2~; toluene/CH~2~Cl~2~ 4:1, toluene/hexane 4:1 → toluene/hexane/ethyl acetate 20:5:0.06) to obtain fullerene **2 b** (91 mg, 0.036 mmol, 48 %) as a yellow viscous liquid. *R* ~f~ (hexane/ethyl acetate 6:1): 0.57; ^1^H NMR (400 MHz, CDCl~3~, rt): *δ*=7.87 (d, *J=*9.0 Hz, 2 H, *H~ortho~*), 6.67 (d, *J=*9.1 Hz, 2 H, *H~meta~*), 4.43--4.03 (m, 20 H, OC*H* ~2~), 2.97 (s, 6 H, N(C*H* ~3~)~2~), 1.86--1.58 (m, 20 H, OCH~2~C*H* ~2~), 1.43--1.08 (m, 60 H, C*H* ~2~), 0.98--0.73 ppm (m, 30 H, C*H* ~3~); ^13^C NMR (100.5 MHz, CDCl~3~, rt): *δ*=164.29, 164.24, 164.24, 164.13, 163.94, 163.85, 163.76 (10C, *C*O), 154.76 (1C, *C*=*N*), 151.51 (1C, *C*N(CH~3~)~2~), 147.06, 146.77, 146.48, 146.25, 146.19, 145.91, 145.70, 145.66, 145.56, 145.46, 144.26, 143.92, 143.48, 142.46, 142.04, 141.99, 141.49, 141.37, 140.64, 139.91, 139.76, 139.69, 139.63 (48C, C~60~‐sp^2^), 129.75 (2C, *C~ortho~*), 116.83 (1C, *C~ipso~*), 111.81 (2C, *C~meta~*), 101.68 (1C, C~60~‐sp^3^ *C*‐O isox), 77.36 (1C, C~60~‐sp^3^ *C*‐C isox), 70.07, 69.39, 68.22, 67.62, 67.24, 67.15, 63.37 (10C, C~60~‐sp^3^ and 10C, O*C*H~2~), 45.67, 45.55, 44.80, 42.06, 41.46 (5C, OC*C*CO), 40.15 (2C, N(*C*H~3~)~2~), 31.46, 31.43, 31.41, 31.40 (10C, *C*H~2~), 28.49, 28.44 (10C, *C*H~2~), 28.42, 25.60, 25.58, 25.54, 25.53, 25.50 (10C, *C*H~2~), 22.62, 22.61, 22.58 (10C, *C*H~2~), 14.09, 14.08, 14.06, 14.05 ppm (10C, *C*H~3~); MS (MALDI‐TOF, dctb): *m*/*z=*2233 \[*M*\]^+^, 2071 \[*M*‐isoxazoline\]^+^.

**Compound 2 c**: The synthesis was performed according to general procedure with **1** (100 mg, 0.113 mmol) dissolved in dry toluene (165 mL) together with CBr~4~ (3.758 g, 11.33 mmol) and distearyl malonate (826 mg, 1.356 mmol). After 45 min, DBU (405 μL, 2.71 mmol) dissolved in toluene (5 mL) was added over 10 min and the reaction mixture was stirred for additional 5 days. The crude product was plug‐filtered (SiO~2~; cyclohexane/CH~2~Cl~2~ 3:7) and purified twice by column chromatography (SiO~2;~ cyclohexane/CH~2~Cl~2~ 2:1→1.5:1) to obtain fullerene **2 c** (112.4 mg, 0.029 mmol, 26 %) as a waxy yellow solid. *R* ~f~ (DCM:*c*‐hexane, 1:1)=0.26; ^1^H NMR (400 MHz, CDCl~3~, rt): *δ*=7.87 (d, ^3^ *J*=8.9 Hz, 2 H, *H~ortho~*), 6.68 (d, ^3^ *J*=8.9 Hz, 2 H, *H~meta~*), 4.42--4.05 (m, 20 H, OC*H* ~2~), 2.97 (s, 6 H, N(C*H* ~3~)~2~), 1.84--1.59 (m, 20 H, OCH~2~C*H* ~2~), 1.28 (bs, 320 H, C*H* ~2~), 0.88 ppm (t, *J=*6.8 Hz, 30 H, C*H* ~3~); ^13^C NMR (100.5 MHz, CDCl~3~, rt): *δ*=164.18, 164.12, 163.83, 163.74, 163.43 (10C, *C*O), 146.98, 146.70, 146.18, 146.16, 145.85, 145.65, 145.49, 145.35, 144.17, 143.85, 143.43, 142.37, 142.00, 141.89, 141.41, 141.29, 140.57, 139.83, 139.74, 139.63, 139.56, 138.23 (48C, C~60~‐sp^2^), 132.62, 129.72 (2C, *C* ~ortho~), 115.56 (1C, *C~ipso~*), 111.88 (2C, *C* ~meta~), 100.13 (1C, C~60~‐sp^3^ *C*‐O isox), 76.40 (1C, C~60~‐sp^3^ *C*‐C isox), 70.11, 70.09, 69.82, 69.42, 68.26, 67.66, 67.27, 67.19 (10C, C~60~‐sp^3^ and 10C, O*C*H~2~), 50.97, 45.71, 45.61, 44.85, 42.11 (5C, OC*C*CO), 40.26 (2C, N(*C*H~3~)~2~), 32.09 (10C, OCH~2~ *C*H~2~), 29.90, 29.89, 29.86, 29.83, 29.79, 29.77, 29.73, 29.71, 29.62, 29.53, 29.46, 29.43, 29.41, 29.26, 28.65, 28.60, 28.58, 28.38, 26.05, 25.98, 25.75 (140C, *C*H~2~), 22.85 (10C, *C*H~2~), 14.26 ppm (10C, *C*H~3~), signals for (1C, *C*=*N*), (1C, *C*N(CH~3~)~2~) were not observable; MS (MALDI‐TOF, dctb): *m*/*z=*3754.9584 \[*M*‐isoxazoline\]^+^, 3777.9016 \[(*M*‐isoxazoline)+Na\]^+^.

**Compound 2 d**: The synthesis was performed according to general procedure with **1** (150 mg, 0.169 mmol) dissolved in dry toluene (250 mL) together with CBr~4~ (5.622 g, 16.95 mmol) and dibenzyl malonate (636 μL, 2.54 mmol). After 45 min, DBU (763 μL, 5.1 mmol) dissolved in toluene (5 mL) was added over 10 min and the reaction mixture was stirred for additional 6 days. The crude product was plug‐filtered (SiO~2~; toluene → toluene/ethyl acetate 5:1) and purified by column chromatography (SiO~2~; toluene/ethyl acetate 100:5) to obtain fullerene **2 d** (135 mg, 0.058 mmol, 35 %) as a yellowish‐orange solid. *R* ~f~ (toluene:hexane:ethyl acetate, 6:3.5:0.5)=0.16; ^1^H NMR (400 MHz, CDCl~3~, rt): *δ*=7.85 (d, *J=*8.9 Hz, 2 H, *H~ortho~*), 7.50--6.96 (m, 50 H, Ph‐*H*), 6.68 (d, *J=*8.9 Hz, 2 H, *H~meta~*), 5.28 (s), 5.26 (s), 5.24 (s), 5.24 (s), 5.19 (s), 5.18 (s), 5.15 (s), 5.10 (s) (20 H, COC*H* ~2~Ph), 2.91 ppm (s, 6 H, N(C*H* ~3~)~2~); ^13^C NMR (100.5 MHz, CDCl~3~, rt): *δ*=169.30, 164.03, 164.03, 163.89, 163.62, 163.58, 163.58, 163.55 (10C, *C*O), 146.98, 146.65, 146.42, 146.15, 146.05, 145.61, 145.59, 145.44, 145.42, 144.20, 143.87, 143.35, 141.99, 141.65, 141.09, 141.08, 140.24, 139.66, 139.35, 139.28, 139.18 (48C, C~60~‐sp^2^), 134.74, 134.72, 134.71, 134.69, 134.67, 134.65, 134.59, 129.81, 129.20, 129.20, 129.12, 129.09, 129.08, 129.07, 129.05, 129.03, 128.98, 128.97, 128.95, 128.91, 128.89, 128.86, 128.81, 128.81, 128.79, 128.79, 128.77, 128.76, 128.73, 128.71, 128.65 (10C, *C~ipso~*‐Ph; 50C, *C*H‐Ph and 2C, *C* ~ortho~), 111.81 (2C, *C* ~meta~), 101.52 (1C, C~60~‐sp^3^ *C*‐O isox), 77.36 (1C, C~60~‐sp^3^ *C*‐C isox), 69.76, 69.16, 68.83, 68.74, 68.71, 68.66, 68.34, 67.90, 67.37 (10C, CO*C*H~2~Ph and 10C, C~60~‐sp^3^), 45.12, 44.99, 44.72 (5C, OC*C*CO), 40.13 ppm (2C, N(*C*H~3~)~2~), signals for (1C, *C*=*N*), (1C, C~ipso~) and (1C, *C*N(CH~3~)~2~) were not observable; MS (MALDI‐TOF, dctb): *m*/*z=*2131.56 \[*M*‐isoxazoline\]^+^, 2153.52 \[(*M*‐isoxazoline)+Na\]^+^.

**Compound 2 e**: The synthesis was performed following a modified methodology.[32](#chem201803036-bib-0032){ref-type="ref"} Compound **1** (120 mg, 0.136 mmol) was dissolved in *ortho*‐dichlorobenzene (*o*‐DCB) (200 mL) together with CBr~4~ (4.510 g, 13.6 mmol) and the corresponding malonate **e** (641 mg, 1.61 mmol). The solution was stirred for 30 min under exclusion of light and nitrogen atmosphere at room temperature. Subsequently, DBU (490 μL, 3.264 mmol) dissolved in *o*‐DCB (5 mL) was added over 30 min and the reaction mixture was stirred for 3 days. The crude product was plug‐filtered (SiO~2~; toluene/ethyl acetate 1:1→CHCl~3~ 3 % vol. pyridine) and purified twice by column chromatography (SiO~2~, CHCl~3~ 3 % vol. pyridine) to obtain **2 e** (104 mg, 0.036 mmol, 27 %) as a brownish‐orange solid. *R* ~f~ (EtOAc 3 % py)=0.65; ^1^H NMR (400 MHz, CDCl~3~, rt): *δ*=7.90 (d, *J=*8.9 Hz, 2 H, *H~ortho~*), 7.22--6.98 (m, 20 H, Ar‐*H*), 6.95 (d, *J=*8.9 Hz, 2 H, H~*meta*~), 6.80--6.53 (m, 20 H, Ar‐*H*), 4.65--4.06 (m, 20 H, OC*H* ~2~), 3.01--2.67 ppm (m, 66 H, N(C*H* ~3~)~2~ and 20 H, C*H* ~2~); ^13^C NMR (100.5 MHz, CDCl~3~, rt): *δ*=167.73, 163.92, 163.57, 163.46 (10C, *C*O), 149.54, 149.46 (11C, *C*N(CH~3~)~2~), 146.83, 146.68, 146.19, 145.88, 145.69, 145.15, 142.28, 141.82, 141.29, 139.75, 139.68, 139.43 (48C, C~60~‐sp^2^), 129.90, 129.80, 129.67, 129.57, 126.60, 125.36, 125.29, 125.18, 125.04, 122.75 (22C, *C*H‐Ar), 113.91, 113.78, 113.36, 113.18, 112.90, 111.77 (22C, *C*H‐Ar and 11C, C~ipso~‐Ar), 109.04, 70.07, 69.37, 68.82, 68.24, 67.86, 67.78, 67.72, 67.64, 67.49, 66.75, 64.04 (10C, CO*C*H~2~ and 10C, C~60~‐sp^3^), 41.03, 40.93, 40.07, 38.27, 35.92, 34.27, 34.03, 33.85, 32.03, 31.06, 29.81 ppm (5C, OC*C*CO; 10C, *C*H~2~ and 22C, N(*C*H~3~)~2~), signals for (1C, *C*=*N*), (1C, C~60~‐sp^3^ *C*‐O isox), 77.36 (1C, C~60~‐sp^3^ *C*‐C isox) were not identified; MS (MALDI‐TOF, dctb): *m*/*z=*2702.05 \[*M*‐isoxazoline\]^+^, 2726.96 \[(*M*‐isoxazoline)+Na\]^+^, 2864.29 \[*M*\]^+^.

**Compound 2 f**: The synthesis was performed according to general procedure with **1** (175 mg, 0.198 mmol, 1 equiv.) in dry toluene (270 mL) together with CBr~4~ (6.559 g, 19.778 mmol, 100 equiv.) and bismalonate **f** (1.150 g, 2.373 mmol, 12 equiv.). The solution was stirred for 1 h under exclusion of light and nitrogen atmosphere at room temperature. Subsequently, DBU (723 mg, 710 μL, 14.747 mmol, 24 equiv.) was slowly added and the reaction mixture was stirred for 3 days. The crude product was plug‐filtered (SiO~2~; toluene/CH~2~Cl~2~/MeOH 4:5:1) and purified twice by column chromatography (SiO~2~; CH~2~Cl~2~/ toluene/MeOH 100:60:12) to yield **2 f** (147 mg, 0.155 mmol, 45 %) as a dark yellow‐orange oil. *R* ~f~ (toluene:hexane 2:1)=0.37; ^1^H NMR (400 MHz, CDCl~3~, rt): *δ*=7.86--7.84 (d, *J=*8.0 Hz, 2 H, *H~ortho~*), 6.68--6.66 (d, *J=*8.0 Hz, 2 H, *H~meta~*), 4.46--4.31 (m, 20 H, COOC*H* ~2~), 3.65--3.53 (m, 140 H, OC*H* ~2~), 3.38--3.36 (s, 30 H, OC*H* ~3~), 2.98 ppm (s, 6 H, N(C*H* ~3~)~2~); ^13^C NMR (100.5 MHz, CDCl~3~, rt): *δ*=163.9, 163.6 (10C, *C*O), 151.7 (1C, *C*N(CH~3~)~2~), 149.8 (1C, *C*=*N*), 147.2, 147.0, 146.6, 145.7, 144.5, 144.1, 142.8, 142.0, 140.61, 140.2, 140.1, 139.7, 139.5 (48C, C~60~‐sp^2^), 129.9 (2C, *C~ortho~*), 116.8 (1C, *C~ipso~*), 112.0 (2C, *C~meta~*), 101.8 (1 C, C~60~‐sp^3^ *C*‐O isox), 76.6 (1 C, C~60~‐sp^3^ *C*‐C isox), 72.3, 70.9, 70.8, 68.9, 66.2 (80C, O*C*H~2~ and 10C C~60~‐sp^3^), 59.4 (10C, OC*H* ~3~), 45.7, 45.5, 42.0 (5C, OC*C*CO), 40.4 ppm (2C, N(*C*H~3~)~2~); MS (MALDI‐TOF, dctb): *m*/*z=*3156 \[(*M*‐isoxazoline)+Na\]^+^.

**Compound 2 g** ~--***t*****Bu**~:[14](#chem201803036-bib-0014){ref-type="ref"} The synthesis was performed according to modified procedure[32](#chem201803036-bib-0032){ref-type="ref"} with **1** (150 mg, 0.169 mmol) dissolved in *o*‐DCB (250 mL) together with CBr~4~ (5.622 g, 16.95 mmol) and malonate **g** (902 mg, 2.028 mmol). After 30 min, DBU (607 μL, 4.056 mmol) dissolved in *o*‐DCB (5 mL) was added over 30 min and the reaction mixture was stirred for additional 8 days. The crude product was plug‐filtered (SiO~2~; toluene → toluene/ethyl acetate 4:1) and purified by column chromatography (SiO~2~, toluene/ethyl acetate 9:1→85:15) to obtain **2 g** ~--***t*****Bu**~ (117 mg, 0.038 mmol, 22 %) as a yellowish‐orange viscous oil. *R* ~f~ (toluene:ethyl acetate 85:15)=0.37; ^1^H NMR (500 MHz, CDCl~3~, rt): *δ*=7.84 (d, *J=*8.6 Hz, 2 H, *H~ortho~*), 6.67 (d, *J=*8.6 Hz, 2 H, *H~meta~*), 4.41--3.99 (m, 20 H, COOC*H* ~2~), 2.97 (s, 6 H, N(C*H* ~3~)~2~), 2.29--1.98 (m, 20 H, C*H* ~2~COO*t*Bu), 1.89--1.48 (m, 40 H, C*H* ~2~), 1.43, 1.43, 1.41 (s, 90 H, C*H* ~3~), 1.39--1.10 ppm (m, 20 H, C*H* ~2~); ^13^C NMR (126 MHz, CDCl~3~, rt): *δ*=173.07, 173.00, 172.97, 172.96, 172.92, 164.11, 163.96, 163.75, 163.66, (10C, *C*OO*t*Bu), 154.68 (1C, *C*N(CH~3~)~2~), 151.53 (1C, *C*=*N*), 147.02, 146.77, 146.68, 146.46, 146.24, 145.96, 145.72, 145.56, 145.37, 144.26, 143.91, 143.48, 142.36, 141.99, 141.85, 141.40, 141.24, 140.55, 139.84, 139.76, 139.63, 139.59 (48C, C~60~‐sp^2^), 129.74 (2C, *C~ortho~*), 116.78 (1C, *C~ipso~*)„ 111.80 (2C, *C~meta~*)„ 101.85 (1 C, C~60~‐sp^3^ *C*‐O isox)„ 80.19, 80.17 (10C, *C*(CH~3~)~3~), 70.05, 70.03, 69.75, 69.37, 68.20, 67.61, (1 C, C~60~‐sp^3^ *C*‐C isox and 10C C~60~‐sp^3^), 66.98, 66.89, 66.41 (10C, O*C*H~2~), 45.57, 45.47, 44.72, 41.98 (5C, OC*C*CO), 40.17 (2C, N(*C*H~3~)~2~), 35.44, 35.40, 35.31 (10C, *C*H~2~CO), 28.23 (10C, *C*H~2~ and 30C, *C*H~3~), 25.44, 25.37 (10C, *C*H~2~), 24.75, 24.71, 24.61 ppm (10C, *C*H~2~); MS (MALDI‐TOF, dctb): *m*/*z=*2956.23 \[(*M*‐isoxazoline)+Na\]^+^; HRMS (APPI): *m*/*z* calcd for C~184~H~200~N~2~O~41~: 2093.3615, found: 3093.3621 \[*M*\]^+^.

**Compound 2 h~‐BOC~**:[14](#chem201803036-bib-0014){ref-type="ref"} The synthesis was performed according to modified procedure[32](#chem201803036-bib-0032){ref-type="ref"} with **1** (150 mg, 0.169 mmol) dissolved in *o*‐DCB (250 mL) together with CBr~4~ (5.622 g, 16.95 mmol) and malonate **h** (1.015 g, 2.028 mmol). After 30 min, DBU (607 μL 4.056 mmol) dissolved in *o*‐DCB (5 mL) was added over 30 min and the reaction mixture was stirred for additional 7 days. The crude product was plug‐filtered (SiO~2~; toluene → toluene/ethyl acetate 4:1→1:1). Subsequently, it was purified by column chromatography (SiO~2~, toluene → toluene/THF 3:1) to obtain **2 h~‐BOC~** (158 mg, 0.046 mmol, 27 %) as an orange viscous oil. *R* ~f~ (toluene/ethyl acetate 1:1)=0.44; ^1^H NMR (400 MHz, CDCl~3~, rt): 7.84 (d, *J=*8.9 Hz, 2 H; *H~ortho~*), 6.64 (d, *J=*8.9 Hz, 2 H, H~*meta*~), 5.00--4.67, 4.59 (bs, 10 H, N*H*), 4.45--4.02 (m, 20 H, OC*H* ~2~), 3.08 (m, 20 H, C*H* ~2~NH), 2.95 (s, 6 H, N(C*H* ~3~)~2~), 2.06--1.45 (m, 40 H, C*H* ~2~), 1.40 (s, 90 H, CH~3~), 1.36--1.24 ppm (m, 40 H, C*H* ~2~); ^13^C NMR (100.5 MHz, CDCl~3~, rt): *δ*=164.17, 164.10, 164.01, 163.87, 163.80, 163.72, 163.63 (10C; *C*O), 156.25 (10C, *C*OO*t*Bu), 154.59 (1C, *C*=*N*), 151.51 (1C, *C*N(CH~3~)~2~), 146.91, 146.72, 146.37, 146.11, 145.75, 145.57, 145.44, 145.28, 144.20, 143.84, 143.41, 142.35, 141.99, 141.89, 141.38, 141.32, 140.54, 139.83, 139.73, 139.61, 139.47 (48C; C~60~‐sp^2^), 129.66 (2C, *C*H‐Ar), 116.59 (1C, C~ipso~), 111.70 (2C, *C*H‐Ar), 101.53 (1C, C~60~‐sp^3^ *C*‐O isox), 79.12, 78.99 (10C, *C*(CH~3~)~3~), 69.97, 69.68 (1C, C~60~‐sp^3^ *C*‐C isox), 69.33, 68.13, 67.51, 66.99, 66.58 (10C, C~60~‐sp^3^), 62.63 (10C, O*C*H~2~), 45.61, 45.53, 44.73, 42.01 (5C, OC*C*CO), 40.50, 40.38 (10C, *C*H~2~NH), 40.09 (2C, N(*C*H~3~)~2~), 32.59, 30.07, 29.97 (20C, *C*H~2~), 28.46, 28.43, 28.34 (30C, *C*H~3~), 26.40, 25.60, 25.56, 25.29 ppm (20C, *C*H~2~); MS (MALDI‐TOF, dctb): *m*/*z=*3223.09 \[*M*‐isoxazoline\]^+^, 3147.06 \[(*M*‐isoxazoline)+Na\]^+^; HRMS (APPI): *m*/*z* calcd for C~194~H~231~N~12~O~41~: 3384.6360, found: 3386.6339 \[*M*+H\]^+^; *m*/*z* calcd for C~185~H~220~N~10~O~40~: 3221.5483, found: 3221.5458 \[*M*‐isoxazoline\]^+^.

**Compound 2 i**: The synthesis was performed according to modified procedure[35](#chem201803036-bib-0035){ref-type="ref"} with **1** (30 mg, 0.034 mmol) dissolved in toluene (50 mL) together with CBr~4~ (1.128 g, 3.401 mmol). Subsequently, malonate **i** (348 mg, 0.340 mmol) dissolved in Freon 113/toluene 1:1 was added. After 15 min, DBU (101 μL, 0.68 mmol) dissolved in toluene (1 mL) was added over 45 min and the reaction mixture was stirred for additional 24 h. The crude product was plug‐filtered and purified by column chromatography twice (SiO~2~; Freon113/ethyl acetate/toluene/MeOH 5:5:1:1) to obtain **2 i** as an orange solid (165 mg, 0.027 mmol, 79 %). The product contained a fluorinated impurity (\* in Figure S20 Supporting Information) identified as 4‐(dimethylamino)‐1‐(2‐(4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11‐heptadecafluoroundecyl‐ oxy)‐2‐oxoethyl)pyridinium that can be easily eliminated by washing with diluted HCl or by sublimation. This mixture was used without further purification to prepare the \[5:0\] pentakisadduct **3 i** which was more easily purified afterwards. *R* ~f~ (Freon 113:ethyl acetate:toluene:MeOH, 5:5:1:1)=0.56; ^1^H NMR (400 MHz, CDCl~3~, rt): *δ*=7.83 (d, *J=*8.8 Hz, 2 H, *H~ortho~*), 6.85--6.67 (m, 2 H, *H~meta~*), 4.82--4.18 (m, 20 H, OC*H* ~2~), 3.14, 3.11 (s, 6 H, N(C*H* ~3~)~2~), 2.62--1.85 (m, 20 H, C*H* ~2~), 1.82--1.02 ppm (m, 20 H, C*H* ~2~); MS (MALDI‐TOF, dctb): *m*/*z=*5836.78 \[*M*‐isoxazoline\]^+^, 6019.93 \[*M*+Na\]^+^.

### General procedure for isoxazolino deprotection---Synthesis of \[5:0\] pentakisadducts (**3**  **a**--**i**) {#chem201803036-sec-0011}

The corresponding \[5:1\] hexakisadduct (1 equiv.) was dissolved in dry toluene (≈1.5×10^−3^  [m]{.smallcaps}) together with maleic anhydride (30 equiv.) under nitrogen atmosphere. The mixture was irradiated with a halogen flood light (500 W) while being cooled at 15 °C for 20--24 h. The mixture was filtered through silica plug and subsequently purified by column chromatography when needed.

**Compound 3 a**:[14](#chem201803036-bib-0014){ref-type="ref"} The protected fullerene **2 a** (75 mg, 0.045 mmol) was dissolved in dry toluene (30 mL) together with maleic anhydride (134 mg, 1.35 mmol). The mixture was purified by silica plug (toluene/ethyl acetate 95:5) to obtain pentakisadduct **3 a** (43 mg, 0.028 mmol, 63 %) as an orange solid which was further precipitated from CH~2~Cl~2~ into pentane. *R* ~f~ (toluene:ethyl acetate 95:5)=0.19; ^1^H NMR (400 MHz, CDCl~3~, rt): *δ*=4.47--4.30 (m, 16 H, C*H* ~2~), 4.25 (q, *J=*7.1 Hz, 4 H, C*H* ~2~), 1.42--1.32 (m, 24 H, C*H* ~3~), 1.26 ppm (t, *J=*7.1 Hz, 6 H, C*H* ~3~); ^13^C NMR (100 MHz, CDCl~3~, rt): *δ*=164.18, 164.06, 163.53, (10C, *C*O), 148.74, 147.13, 146.29, 145.94, 145.30, 144.81, 144.49, 144.42, 144.25, 143.33, 142.54, 140.04, 139.93 (50C, C~60~‐sp^2^), 70.06, 69.63, 69.53, 69.30 (10C, C~60~‐sp^3^), 63.12, 63.10, 62.88 (10C, *C*H~2~), 54.05, 45.78, 45.10 (5C, CO*C*CO), 14.22, 14.16, 14.14, 14.04 ppm (10C, *C*H~3~); MS (MALDI‐TOF, dctb): *m*/*z=*1511.2803 \[*M*\]^+^; IR (ATR, rt): $\widetilde{\nu}$ =2355, 1745, 1369, 1258, 1220, 1080, 1012 cm^−1^.

**Compound 3 b**: According to the general procedure for deprotection, fullerene **2 b** (78 mg, 0.035 mmol) was irradiated in presence of maleic anhydride (89 mg, 1.00 mmol) in toluene (20 mL). The crude was purified by a silica plug with toluene to obtain **3 b** as orange oil (46 mg, 0.022 mmol, 63 %). *R* ~f~ (toluene)=0.12; ^1^H NMR (400 MHz, CDCl~3~, rt): *δ*=4.44--4.21 (m, 16 H, OC*H* ~2~), 4.16 (t, *J=*6.8 Hz, 4 H, OC*H* ~2~), 1.83--1.56 (m, 20 H, OCH~2~C*H* ~2~), 1.47--1.16 (m, 60 H, C*H* ~2~), 0.99--0.78 ppm (m, 30 H, C*H* ~3~); ^13^C NMR (100.5 MHz, RT, CDCl~3~): *δ*=164.13, 164.05, 164.00, 163.49 (10C, *C*O), 148.66, 147.04, 146.27, 145.86, 145.22, 144.71, 144.39, 144.33, 144.25, 143.24, 142.60, 139.95, 139.91 (50C, C~60~‐sp^2^), 77.41, 77.16, 76.91, 70.18, 69.74, 69.64, 69.43 (10C, C~60~‐sp^3^), 67.24, 67.01 (10C, O*C*H~2~), 54.29, 46.01, 45.37 (5C, OC*C*CO), 31.53, 31.48 (10C, *C*H~2~), 29.85, 28.65, 28.59, 28.48 (10C, *C*H~2~), 25.74, 25.68, 25.59 (10C, *C*H~2~), 22.69, 22.64 (10C, *C*H~2~), 14.17 ppm (10C, *C*H~3~); MS (MALDI‐TOF, dctb): *m*/*z=*2072 \[*M*\]^+^; HRMS (APPI): *m*/*z* calcd for C~135~H~130~O~20~: 2070.9155, found: 2071.9171 \[*M*+H\]^+^; IR (ATR, rt): $\widetilde{\nu}$ =2956, 2928, 2858, 2364, 2336, 2160, 1747, 1467, 1255, 1215, 1080, 718, 527 cm^−1^; UV/Vis (octanol): *ϵ* (*λ* ~max~)=111 117 (211), 82 101 (244), 71 066 (282) [m]{.smallcaps} ^−1^ cm^−1^ (nm).

**Compound 3 c**: According to the general procedure for deprotection, fullerene **2 c** (50 mg, 0.013 mmol) was irradiated in presence of maleic anhydride (37 mg, 0.383 mmol) in toluene (10 mL). The crude was purified by a silica plug with hexane/CH~2~Cl~2~ 2:1 to obtain **3 c** (35 mg, 9.4 μmol, 72 %) as an orange waxy solid. *R* ~f~ (hexane:DCM, 2:1)=0.28; ^1^H NMR (400 MHz, CDCl~3~, rt): *δ*=4.30 (m, 16 H, OC*H* ~2~), 4.15 (t, *J=*6.7 Hz, 4 H, OC*H* ~2~), 1.90--1.53 (m, 20 H, OCH~2~C*H* ~2~), 1.42--1.17 (m, 300 H, C*H* ~2~), 0.87 ppm (t, *J=*6.7 Hz, 30 H, C*H* ~3~); ^13^C NMR (100.5 MHz, CDCl~3~, rt): *δ*=164.14, 164.05, 164.01, 163.49, 163.43 (10C, *C*O), 148.62, 147.03, 146.33, 145.87, 145.22, 144.73, 144.36, 144.29, 144.23, 143.25, 142.64, 139.90 (50C, C~60~‐sp^2^), 70.16, 69.73, 69.62, 69.41, 68.92, 68.92, 67.39, 67.26, 67.20, 67.03 (10C, O*C*H~2~ and 10C, C~60~‐sp^3^), 54.24, 50.97, 45.95, 45.32 (5C, OC*C*CO), 32.10, 32.09, 32.08, 32.08, 29.91, 29.90, 29.89, 29.86, 29.83, 29.81, 29.79, 29.76, 29.73, 29.70, 29.62, 29.53, 29.52, 29.44, 29.41, 29.26, 28.71, 28.66, 28.63, 28.55, 28.37, 26.10, 26.06, 26.03, 25.97, 25.75, 22.85 (160C, *C*H~2~), 14.27 ppm (10C, *C*H~3~); MS (MALDI‐TOF, dctb): *m*/*z* 3756.95 \[*M*+H\]^+^, 3778.87 \[*M*+Na\]^+^ and 3794.81 \[*M*+K\]^+^; HRMS (APPI): *m*/*z* calcd for C~255~H~371~O~20~: 3753.7969, found: 3753.8008 \[*M*+H\]^+^; IR (ATR, rt): $\widetilde{\nu}$ =2910, 2844, 2154, 1745, 1464, 1249, 1199, 1067 cm^−1^; UV/Vis (octanol): *ϵ* (*λ* ~max~)=106 287 (211), 75 586 (244), 62 986 (211) [m]{.smallcaps} ^−1^ cm^−1^ (nm).

**Compound 3 d**: According to the general procedure for deprotection, fullerene **2 d** (60 mg, 0.028 mmol) was irradiated in presence of maleic anhydride (83 mg, 0.844 mmol) in toluene (25 mL). The mixture was purified by silica plug (toluene/ethyl acetate 9:1) and subsequently purified by column chromatography to obtain pentakisadduct **3 d** (52 mg, 0.025 mmol, 87 %) as an orange solid which was further precipitated from CH~2~Cl~2~ into pentane. *R* ~f~ (toluene:ethyl acetate 9:1)=0.66;^1^H NMR (400 MHz, CDCl~3~, rt): *δ*=7.40--7.14 (m, 50 H, Ph), 5.40--5.10 ppm (m, 20 H, OC*H* ~2~Ph); ^13^C NMR (100.5 MHz, CDCl~3~, rt): *δ*=163.85, 163.81, 163.72, 163.24 (10C, *C*O), 146.91, 146.07, 145.75, 145.12, 144.63, 144.41, 144.04, 143.80, 143.10, 142.06, 139.61, 139.49 (50C, C~60~‐sp^2^), 134.78, 134.67 (10C, C~ipso~ Ph), 129.11, 129.05, 128.97, 128.88, 128.81, 128.76, 128.69 (50C, *C*H‐Ph), 69.06, 68.82, 68.78, 68.61 (10C, C~60~‐sp^3^), 53.66, 52.03 ppm (5C, OC*C*CO); MS (MALDI‐TOF, dctb): *m*/*z=*2131.31 \[*M*\]^+^; IR (ATR, rt): $\widetilde{\nu}$ =2949, 2182, 1745, 1497, 1447, 1370, 1254, 1210, 1066, 978, 741 cm^−1^.

**Compound 3 e**: According to the general procedure for deprotection, fullerene **2 e** (65 mg, 0.021 mmol) was irradiated in presence of maleic anhydride (61 mg, 0.630 mmol) in toluene (25 mL). The crude product was plug‐filtered (SiO~2~; toluene → toluene/CHCl~3~ 1:1→ CHCl~3~ 3 % vol. pyridine) and purified twice by column chromatography (SiO~2~; CHCl~3~ 3 % vol. pyridine) to yield **3 e** (38 mg, 0.014 mmol, 67 %) as an orange viscous oil. *R* ~f~ (EtOAc 3 % py)=0.61; ^1^H NMR (400.05 MHz, CDCl~3~, rt): *δ*=7.19--6.89 (m, 20 H, C*H*‐Ar), 6.81--6.50 (m, 20 H, C*H*‐Ar), 4.66--4.03 (m, 20 H, OC*H* ~2~), 3.08--2.63 ppm (m, 80 H, C*H* ~2~ and N(C*H* ~3~)~2~); ^13^C NMR (75 MHz, CDCl~3~, rt): *δ*=167.75, 163.92, 162.44 (10C, *C*O), 149.60, 147.89, 146.97, 145.93, 145.15, 144.32, 143.29, 142.56, 139.91, (50C, C~60~‐sp^2^ and 10C, *C*‐N(CH~3~)~2~, 132.18, 130.33, 129.82, 129.73, 129.69, 126.52, 125.18, 122.82, 113.99, 113.35, 113.18, 111.85 (50C, Ar), 69.42, 68.85, 67.86, 66.77, 64.08, 63.57 (10C, O*C*H~2~), 41.00, 40.92, 38.64, 38.32 (20C, N(*C*H~3~)~2~), 35.95, 34.08, 33.93, 32.06 ppm (10C, *C*H~2~‐Ar); MS (MALDI‐TOF, dhb): *m*/*z=*2702.99 \[*M*\]^+^, 2725.97\[*M*+Na\]^+^, 2742.94 \[*M*+K\]^+^; IR (ATR, rt): $\widetilde{\nu}$ =2932, 2347, 1745, 1612, 1525, 1453, 11 348, 1232, 1160, 1045, 945, 807, 735 cm^−1^.

**Compound 3 f**: According to the general procedure for deprotection, fullerene **2 f** (45 mg, 0.014 mmol) was irradiated in presence of maleic anhydride (40 mg, 0.410 mmol) in toluene (12 mL). The crude product was purified by a silica plug (SiO~2~; toluene/CH~2~Cl~2~/MeOH 4:5:1) and purified twice by column chromatography (SiO~2~; toluene/CH~2~Cl~2~/MeOH 4:5:1) to yield **3 f** (24.3 mg, 7.7 μmol, 55 %) as an orange oil. *R* ~f~ (toluene:DCM:MeOH, 5:4:1)=0.22;^1^H NMR (400.05 MHz, CDCl~3~, rt): *δ*=4.57--4.27 (m, 20 H, COOC*H* ~2~), 3.89--3.46 (m, 140 H, OC*H* ~2~), 3.37 (s, 6 H, OC*H* ~3~), 3.36 (s, 18 H, OC*H* ~3~), 3.35 ppm (6 H, OC*H* ~3~); ^13^C NMR (100.5 MHz, CDCl~3~, rt): *δ*=163.85, 163.82, 163.73, 163.21 (10C, *C*O), 148.72, 147.12, 146.34, 145.97, 145.28, 144.86, 144.51, 144.33, 144.09, 143.26, 142.44, 139.87, 139.82 (50C, C~60~‐sp^2^), 72.03, 70.75, 70.69, 70.65, 70.61, 70.59 (110C, O*C*H~2~), 69.89, 69.49, 69.47, 69.17, 68.73, 68.56, 66.07, 65.95, 65.81 (10C, C~60~‐sp^3^), 59.14, 59.12 (10C, O*C*H~3~), 45.53, 44.89 ppm (5C, COCCO); MS (MALDI‐TOF, dctb): *m*/*z=*3155.7231 \[*M*+Na\]^+^, 3172.6973 \[*M*+K\]^+^; UV/Vis (octanol): *ϵ* (*λ* ~max~)=166 616 (211), 132 341 (244), 98 811 (282) [m]{.smallcaps} ^−1^ cm^−1^ (nm).

**Compound 3 g** ~--***t*****Bu**~:[14](#chem201803036-bib-0014){ref-type="ref"} According to the general procedure for deprotection, fullerene **2 g** ~--***t*****Bu**~ (59 mg, 0.019 mmol) was irradiated in presence of maleic anhydride (57 mg, 0.572 mmol) in toluene (15 mL). The crude product was purified by a silica plug (SiO~2~; toluene/ethyl acetate 9:1→8:2) and purified twice by column chromatography (SiO~2~; toluene/ethyl acetate 9:1) to yield **3 g** ~--***t*****Bu**~ (30.3 mg, 1.12 μmol, 59 %) as an orange viscous oil. *R* ~f~ (toluene:ethyl acetate, 9:1)=0.2; ^1^H NMR (400 MHz, CDCl~3~, rt): *δ*=4.50--4.07 (m, 20 H, OC*H* ~2~), 2.31--2.07 (m, 20 H, C*H* ~2~CO), 1.84--1.52 (m, 20 H, C*H* ~2~), 1.44, 1.43, 1.43, 1.42 (s, 90 H, C*H* ~3~), 0.97--0.72 ppm (m, 20 H, C*H* ~2~); ^13^C NMR (100.5 MHz, CDCl~3~, rt): *δ*=173.07, 173.06 (10C, *C*OO*t*Bu), 167.98, 164.12, 164.07, 164.00, 163.47 (10C, *C*O), 148.75, 147.13, 146.50, 145.97, 145.27, 144.84, 144.39, 144.29, 144.22, 143.32, 142.70, 139.91, 139.84 (50C, C~60~‐sp^2^), 80.23, 80.19 (10C, *C*(CH~3~)~3~), 70.04, 69.65, 69.54, 69.33, 66.97, 66.90, 66.74, 66.33 (10C, C~60~‐sp^3^ and 10C, O*C*H~2~), 54.05, 45.75, 45.14 (5C, OC*C*CO), 35.42 (10C, *C*H~2~CO), 29.78 (10C, *C*H~2~), 28.31, 28.21 (30C, *C*H~3~), 25.43, 25.33 (10C, *C*H~2~), 24.72, 24.67 ppm (10C, *C*H~2~); MS (MALDI‐TOF, dctb): *m*/*z=*2933.78 \[*M*\]^+^; HRMS (APPI): *m*/*z* calcd for C~175~H~190~O~40~: 2931.2828, found: 2931.2809 \[*M*\]^+^; IR (ATR, rt): $\widetilde{\nu}$ =1726, 1609, 1456, 1392, 1366, 1218, 1150, 1069, 848 cm^−1^; UV/Vis (octanol): *ϵ* (*λ* ~max~)=124 919 (211), 88 744 (244), 72 568 (282) [m]{.smallcaps} ^−1^ cm^−1^ (nm).

**Compound 3 h~‐BOC~**:[14](#chem201803036-bib-0014){ref-type="ref"} According to the general procedure for deprotection, fullerene **2 h~‐BOC~** (90 mg, 0.026 mmol) was irradiated in presence of maleic anhydride (78 mg, 0.797 mmol) in toluene (25 mL). The crude product was purified by a silica plug (SiO~2~; toluene/THF, 10:0 to 8:2) and purified by column chromatography (SiO~2~; toluene/THF, 9:1) to yield **3 h~‐BOC~** (81 mg, 0.025 mmol, 96 %) as an orange viscous oil. *R* ~f~ (toluene:THF, 8:2)=0.35;^1^H NMR (400 MHz, CDCl~3~, rt): *δ*=4.81, 4.55 (bs, 10 H, N*H*), 4.41--3.52 (m, 20 H, OC*H* ~2~), 3.39--2.81 (m, 20 H, C*H* ~2~NH), 2.04--1.46 (m, 40 H, C*H* ~2~), 1.42 (s, 90 H, CH~3~), 1.39--0.69 ppm (m, 40 H, C*H* ~2~); ^13^C NMR (100.5 MHz, RT, CDCl~3~, rt): *δ*=167.65, 164.18, 164.08, 163.55 (10C, *C*O), 156.34 (10C, *C*OO*t*Bu), 148.76, 148.74, 147.09, 146.30, 145.88, 145.20, 145.19, 144.77, 144.77, 144.76, 144.41, 144.36, 144.24, 143.31, 142.60, 139.95, (50C, C~60~‐sp^2^), 79.28, 79.19, 79.16, 79.13 (10C, *C*(CH~3~)~3~), 70.08, 69.64, 69.58, 69.32, 67.76, 67.54, 67.24, 67.11, 67.10, 67.08, 66.91 (10C, C~60~‐sp^3^), 62.75 (10C, O*C*H~2~), 45.89, 45.26 (5C, OC*C*CO), 40.57, 40.42, 40.40 (10C, *C*H~2~NH), 32.56, 32.36 (10C, *C*H~2~), 30.09, 30.04, 30.01, 29.96, 29.68, 29.55 (10C, *C*H~2~), 28.51, 28.47, 28.28 (30C, *C*H~3~), 26.46, 26.43, 26.39, 25.93, 25.88, 25.70, 25.67, 25.65, 25.57, 25.28, 23.88, 23.57 ppm (20C, *C*H~2~); HRMS (APPI): *m*/*z* calcd for C~185~H~220~N~10~O~40~: 3221.5483, found: 3221.5525 \[*M*\]^+^; MS (MALDI‐TOF, dctb): *m*/*z=*3234.67 \[*M*+H\]^+^; IR (ATR, rt): $\widetilde{\nu}$ =3349, 2969, 2858, 2355, 1741, 1689, 1519, 1390, 1361, 1250, 1221, 1157, 1046, 988, 859, 748 cm^−1^; UV/Vis (octanol): *ϵ* (*λ* ~max~)=98 457 (211), 66 536 (244), 52 850 (282) [m]{.smallcaps} ^−1^ cm^−1^ (nm).

**Compound 3 i**: The synthesis was performed according to general procedure for deprotection with a modified solvent mixture. Fullerene **2 i** (165 mg, 0.027 mmol) was dissolved together with maleic anhydride (80 mg, 0.820 mmol) in Freon 113/toluene 1:1 (40 mL) and irradiated. The crude product was purified by short column chromatography (SiO~2~ Freon113/toluene/CH~2~Cl~2~ 4:4:1→Freon113/toluene/MeOH 4:4:1) to obtain **3 i** (81 mg, 0.014 mmol, 51 %) as an orange solid. *R* ~f~ (toluene:Freon 113:DCM, 4:4:1)=0.60; ^1^H NMR (400 MHz, C~6~D~6~/C~6~F~6~ 1:1): *δ*=4.85--4.24 (m, 20H OC*H* ~2~), 2.65--1.96 (m, 40 H, OCH~2~C*H* ~2~C*H* ~2~) ppm; ^19^F NMR (282 MHz, C~6~D~6~/C~6~F~6~ 1:1): *δ*=−79.16 (t, *J~FF~*=9.9 Hz, 30F, C*F* ~3~), −107.66, −108.40, −109.84 (bs), −111.99, −112.50 (s), −114.05, −116.60---−117.22 (m), −118.47---−119.59 (m), −119.76---−120.33 (m), −120.48 (bs), −123.73 (bs), −129.03, −129.17, −137.81 (dd, *J=*15.7, 5.5 Hz), −139.82 ppm (m); ^13^C NMR (100.5 MHz, C~6~D~6~/C~6~F~6~ 1:1): *δ*=90.17--89.06 (m), 87.47--86.65 (m), 60.97, 60.73, 60.49 (10C, O*C*H~2~), 50.87, 48.40 (10C, *C*H~2~CF~2~), 15.10 ppm (10C, CH~2~ *C*H~2~CH~2~), Fullerene signals could not be detected; MS (MALDI‐TOF, dctb): *m*/*z=*5838.27 \[*M*+H\]^+^; IR (ATR, rt): $\widetilde{\nu}$ =2921, 2849, 2171, 1740, 1458, 1370, 1332, 1194, 1138, 1122, 1028, 972, 801, 735, 696, 646 cm^−1^. UV/vis (C~2~Cl~3~F~3~): *ϵ* (*λ* ~max~)=120 316 (244), 93 735 (282) [m]{.smallcaps} ^−1^ cm^−1^ (nm).

Synthesis of \[5:0\] fullerenes bearing ionizable groups {#chem201803036-sec-0012}
--------------------------------------------------------

### General procedure for deprotection---Synthesis of \[5:0\] pentakisadducts (**3**  **g**,**h**) {#chem201803036-sec-0013}

The deprotections were carried out following a modified protocol from literature.[11b](#chem201803036-bib-0011b){ref-type="ref"}

**Compound 3 g**: Pentakisadduct **3 g** ~--***t*****Bu**~ (20 mg, 6.8 μmol) was dissolved in CH~2~Cl~2~/TFA 4:1 mixture (2 mL) and the solution was stirred overnight at room temperature. Remaining TFA was removed under vacuum and co‐evaporated with toluene/MeOH several times to give **3 g** as an orange waxy solid.^1^H NMR (400 MHz, CD~3~OD, rt): *δ*=4.56--4.10 (m, 20 H, OC*H* ~2~), 2.49--2.09 (m, 20 H, C*H* ~2~COOH), 1.89--1.31 ppm (m, 60 H, (C*H* ~2~)~3~); ^13^C NMR (100.5 MHz, CD~3~OD, rt): *δ*=177.46, 175.85 (10C, *C*OOH), 165.09, 164.88 (10C, *C*O), 149.91, 148.17, 144.48, 143.87, 141.45, 133.69, 132.49, 130.00 (50C, C~60~‐sp^2^), 71.00, 70.72 (10C, C~60~‐sp^3^), 68.30, 68.20, 68.11, 67.98 (10C, O*C*H~2~), 34.79, 34.76, 34.71 (10C, *C*H~2~COOH), 30.73, 29.45, 29.39, 29.29, 26.71, 26.67, 25.66, 25.59, 25.36 ppm (30C, *C*H~2~), 5C for CO*C*CO are probable hidden under the solvent peak and were not observable; HRMS (ESI, negative): *m*/*z* calcd for C~135~H~110~O~40~: 2370.6573 (not detected); calcd for C~135~H~108~O~40~ ^2−^ \[*M*‐2H\]^2−^: 1184.8221, found: 1184.8224; IR (ATR, rt): $\widetilde{\nu}$ =1678, 1410, 1256, 1198, 942, 799, 731 cm^−1^; UV/Vis (H~2~O pH7.0, 0.5 [m]{.smallcaps} phosphate buffer): *ϵ* (*λ* ~max~)=68 287 (211), 57 812 (244), 48 897 (282) [m]{.smallcaps} ^−1^⋅cm^−1^ (nm)

**Compound 3 h**: Pentakisadduct **3 h~‐BOC~** (35 mg, 0.01 mmol) was dissolved in CH~2~Cl~2~/TFA 4:1 mixture (4 mL) and the solution was stirred overnight at room temperature. Remaining TFA was removed under vacuum and co‐evaporated with toluene/MeOH several times to give **3 h** (14 mg, 0.006 mmol, 60 %) as an orange solid. ^1^H NMR (400 MHz, CD~3~OD, rt): *δ*=6.81 (b.s., N*H* ~3~ ^*+*^), 3.43--2.97 (m, 20 H, OC*H* ~2~), 1.90--1.74 (m, 20 H, C*H* ~2~N), 0.84--0.08 ppm (m, 80 H; C*H* ~2~); ^13^C NMR (100.5 MHz, CD~3~OD, rt): *δ*=167.54, 165.05, 164.94, 164.87, 164.43 (10C, *C*O), 163.96--161.93 (m, 10C, *C*OOCF~3~), 149.92, 148.14, 147.03, 146.82, 146.21, 145.94, 145.77, 145.67, 145.61, 144.50, 143.78, 141.52, 141.43, (50C, C~60~‐sp^2^), 134.76, 133.59 (m), 131.92, 130.45, 120.11, 119.19 (m), 117.54, 117.30--116.22 (m), 114.71 (10C, COO*C*F~3~), 71.69, 71.07, 70.95, 70.72, 69.31, 68.34, 68.16, 66.06, 64.91 (10C, C~60~‐sp^3^), 62.68 (10C, O*C*H~2~), 47.91, 47.33 (5C, CO*C*CO), 40.61, 33.22 (10C, *C*H~2~N), 29.41, 29.34, 29.28, 29.17, 28.91, 28.50, 28.45, 28.37, 28.34, 27.18, 27.00, 26.91, 26.86, 26.56, 26.49, 26.43, 26.39, 26.12 ppm (40C, *C*H~2~); MS (MALDI‐TOF, dhb): *m*/*z=*2222.12 \[*M*+H\]^+^, 2246.14 \[*M*+Na\]^+^; IR (ATR, rt): $\widetilde{\nu}$ =2494, 1643, 1431, 1203 cm^−1^; UV/Vis (H~2~O pH7.0, 0.5 [m]{.smallcaps} phosphate buffer): *ϵ* (*λ* ~max~)=39 381 (282) [m]{.smallcaps} ^−1^ cm^−1^ (nm).
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